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(54) Method and apparatus for automatic companeatJon of flrat-ordar potarixatlon moda 
diaparaion (PMD) 

mmp ai«aiof automatically and adaptively generateaa 
i^aToTdWorontlai time delay that substamiaifr equat e 
ma differential time delay mat the optical signal expe rt- 
oncee. but of different ugn, and. therefore, aeienUally 
eaneete out ma unoaaimd delay. 
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Description 

CIFLD OF THE INVENTION: 

pdarizancn mode dapan** in sccr. aystams. 
HAr.KQftQUND ™ c iNVgHT'O^ 

optical fiber ™tw«xk. „ c8rt ajn polarization components of an optical signal propagating 

[C003] it is weO^own that PMD affects drftarant * carta* ^ occuV among the components as they travel 
mrougV aopttol nbertiansm^Hna. trc^t 0.1P*W* tor tow-PMO optical r**rs o( 
through the fib*. These ^arant^ ^ ^^ fi ^ oTrnanufacture. D^tageou*. the 
m odem manufacture to several ps/'ton)'* ^3^Tb»*op1lc link, lor example, a 100 ton terrestrial transm..- 

s on system empioyr>g stngis-n wo • ^ Dun fib _, 

for an transoceanic 8nk employing oolartiattori components of an optical signal may causa 

[00041 The torge "me delays ^^Z^Z ZT^^ link-Tnis » especial* true * modem digital 
.gn*o«bro-^*1M ,n tat <h* 

UgnMV system, wh^ <»n*«* * l~ t lOQbp. p* ^ ^ ^ ^ ^ ^ & 

not constant over tkm. but may vary over dm* « Mh. Jj^^Sy causedTy PMD In optcal fiber usually 

i. theoretically possible- At,me delay ^^^^S^^Se^ ^gradation at 10 Gb/s in IM-DD 1520 km 
sported in, for example, the article ^^^S^^^^' >*• 29 « No " 18 ' P 16M> im> 
optical Ampler System' by V. Nam^ et a. „ ^ fiber Include, for example; (a) 

( 00071 Prior methods of dealUg ^^J^T^Z fussed * Jarticle entitled 'Experknental Equal- 
electrical equalization of the s.gnal d«tort.cn caused I byPMD, **™ , ^ |n |EEE Pnotoojc Technology 

lZiit on of Polarcation Oispers^-. 

Letters. Vol. 2, No. 3. p. 59t , 1 990; and (b) f^'™^^™",™^™^ by Phase Divers.ty Detection-. 
..gnals.asdlecussedlntJ.eartldeent.t.ed 9 ^^^^^^T: 12 t, 1997. Such prior methods a(*0 
byB.W.Hakldandpu*^ 

fussed In theartWeentrtk*!^^ OzekJetal. and published in 1he Technical 

4, p. M8, 1994. anaalizatkw schemes can only compensate lor a relatively small differed 

[00081 D^antageccsry. such electncal ^^^^oL. prior art optcal compensator, in genera. 
ti«. time delay. They also requ,re to ^ a varying differential time delay m an 

cannot automatically ^"^So ^S^tSS^Z PMD. For example, the optica, compen- 
cptica. signal traveling «i a fiber that s J^"*^ 1 ^ optical time detoy to compensate for the distortion 
sa.™ described in 

caused by PMD in a tranamr6s.cn fiber. T ^ re *™' ,'^,v^Ltton scheme described in the T. Ozeki etal. artele 
r d*erent*.tirnede.ays.Asanoth^ 

is capable of generating a varfcbU, ^J^JS££± Z™y b^ used to Srrve the compensation 
analyze the shape of received waveforms and derrva an error s.gnai y 
process toward the desired differential time delay. 
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*|.UMAHY OF TW P INVENTION: 

. „^ lam , and ativanca the relevant by providing apparatus which automatically 
[Qm Wedealwtm the forego* ^^^^^atmay ^ * an optical .ignal received from 
^pt, to the .eve, ^^SZ ZZSSZ^ [Jrlng^c **nent which, reeponefce to receipt 
an optical transm»«»on Ire. Spacing *» , . ^ selectatl ie mutually orthogonal 

c, the optica. ^^^^X^^^^ *" b " ,rtn9enM ^ in ,Um ; 

selected. „^„,„ ah , _ onflrn ,« a differential time delay that substantially equals the 

STtSUT-- *■*««. «—■■*• 

drawings and ensuing dalme. 

[00121 In the drawing: 

ticed; 

FIG 2ieablc<*(^ramotmedWortlc fla n a |yzwotRG.l; 
*G.3^t,atee*g^ 

filtered, unfiltered and weighted 10 Gb/s peeuc^random sequences, 
practiced: 

ingle MeWaiM »*> a PoMrttation tranalomar a FIG. *. 

of FIG. v.and 

of an optical signal 

pensators in FIGe. 1 and 4. 
ncTMi Pn DESCRIPTION: 

f 11, l» u,(<»fi (1) 
phy«al par.rn.IOT Ml «*«*• *• modi M»P»"» * »• 
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( romjancv m=oon there axtsa two orthogonal state* c( polarization com- 
(00,4, «*".»-^™<"7 B £~'^^^ 



u(<0) = w(o> 0 )-g(<D).y(<D 0 )* 




are unitary matrices and; 

D(oo) = ^ _° y ^ifl a diagonal matrix. 



(4) 



The Jones vector*; 



(5) 



-(:;;) '-■(::) 

cttj, as follows: 



where 
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-«*urK*ed*oneol,he^ 

r0 015] It can tN* ^JP^f^^^^tSs^l experience, a, a result of propagatr 9 through an 
=SP of the fiber. Iho ^^^^^Zv^^c^ but equal amount of drff erentiaJ tim. detay. 

itWelement having the following potorizatlon dependent transfer funcfon: 



Hcomp = 



D-»(oo) • W-Kcoo) 



<7) 



whara D and W are the matrices •hown In equa«on (3). The metro, Ucomp descrfce* first order PMO («.e.. uniform 
lMO%* rr ^a = ^ 

die birefringence In the inventive compensator to adapweiy compen a , — ar ^ (ftf „ amola . ooiar 



rnn " , " ' ,. „„ ori0 otrv tn arifloth/efv comoenaate for the Dtiu m me noer. a/i wayuvw, 

the bfref ringence ."l^SgS^ d^o^QQjgi^^S^rmgP. for example, the po* 
birefrino^acc^per^ttxnjy be " a ^'*f It hereby 

L-.atton transformer ^f^J^^^^^ generates variable finear birefringence (such as. 

ot ma ^^T^^^^^^r^^S^ol^rsTpSaTStton transformer 30 and the 

mend .n >enM) m* gmnm "^/.rJT™™, a ~,a,lwto, tnmlcfimr h MrtM *«i > i**!* 
Pons*, lor signal (Motor. *. » ""^!^"°^^ t ,T*«ig M in ttw PMO ol tn« ftm. Such 

optical signal transmitted by opt«ai ^J™*" ^ 
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25 may be expressed as follows: 



(S) 



^.^C^theopt*.^^^^^ 

or the level of 000 in compensator 25 "T fl fMultln g non-zero differential time delay. W 

•.he skjna. Ml compensator 25 i output* « ^C^o«*O90«-l Platen components in an 

(0022] itiewelWcnowntnatthediffersnta) nmedetey i W*J£^ w JES f j te «eal frequency band centered 

around a frequency of f = 1«W ^jfT^JL ^ ^ tical phot odetectcr. the frequency response of an am- 



be described as follow*: 



S(f) = Ji-4Y(1-Tf)sin 2 <RT wtmJ ») 

wherefis»edetectede^^^ 

8 ,ow PSP ol the fiber, and the mncdon f^^^^^^^o in me transmfcsicn Una 0.e.. ■ ^ 
wrth 0 S S s 1 . Note that S(f) Is equal to the cpt^al slo^a expenen ^ earn, power 

: 0 rrn^ 

o .entitled by simp* measuring ^^^^^^ TcLfcX adjust the orientat.cn and .eve. 
7 ,e ampirtuda of this sfcnal may 25 such t^ the^fetdbacK signal is maximized, 

or DGD that Is generated ,n ^^^^^ b , inserted .n a transmrsston system, W W 
[0024] The above requ.rement ^^^^^^ transmission fiber, t, as £ 5*. For example, 
limit the amount of DGD that may be «**™** ? 1^™^ electrical signal * measured at 5 GHz. then 
i, , a to Gbpedlgr*. t™*™^ ^ * the amplitude 

V-u^y. be smaller that 50^^^^^^ 

25 «. . „„ .,, rtam hin,«Mi«' feedback akwel (I e .a signal that is a unique measure 

[0025] Wehaverec^i2ed.however,thatan 

of W rr*y be generated, without Mtag the ^» * 

^rSde of a plurality of tregue ncjKC<^^ ^ a m plitudes o< iuwA 
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.„ rT , rtrt-lt u74aj(xl© detector available from ma Hewlett Packard 

^trica. power detected V h that * ^c^o^jm^ 

more particularly, converts sucn ^ frequency electrical spectrum. (It « noted that ft « not 

[rS 3 1^2) may be expressed aefoltawe: 



Vr = const. J 

/ niia 

rS apectty the toweet and 

:00,wherefclc«ki«tneckXKfreq U ^^ wefoundthataUof^OOMHzandaWd-lSOHl 
for a DGD of up to 120 pa in a 10 ^JJ™?^ SE* To otSn an -unarrfciguoue- te«*eck *onak 

r mav be neceeeary to either filter or apo* « ^ tin l"^^™« contained In tne digital information signal mcd- 

uated onto ft. optical signal. ^^^^t^Tn FIG. 3 which shows a graph of <^ c ^£ 
ia detected by power detecior 95. Th« * «^^,'L ctrijm d both unfiltered and filtered 10 Gbps dlgitd iMor- 

s,gnal that may be supplied to P^^^'^^^ d me received optical signal. The polarization ang*. 9. 
olrent*! *ne de*y hi the daeired P^^JS^ * de tey Hne 50 may be adjusted alternately untt thieve, 
in polarize transformer 30 and Met ^^°*^CZ rlclmum aearch algortthm, 3uch ae the a**hm 
ol me feedback skjnal. V, reach** a j«rnum ^ ^ H ^ ^rental time detay r thedetay 

dl3 ctosed in the aforementioned U. S. Patent No *P 0 ^ mU m value ol me feedback voltage, 

V, Each timer, is set toadmerentva^ethe^.^ 
, ^.onne.sedr.ack*^^^ 

=»S=Srr 

spending to curve 320.) im « n ,™ , hown in F !G. 4, and includes a source of optical signals 

S (SSm Asecc<id»ustTatrveemtxxlimento»^ 

410. optica, transmit fiber 420, ^^^^Si and 440 and first and second high birefrrc^nce. 
eompMng first and secend automata P^^JS may* for example, the SM.1*P*12S mm*** 
single-mod* (HBF) fiber 435 ^^"^S^cS^j,^). The .action, generate a differentiate 
a rio of about V4psAn and available ™£^£^Jg£ slow and fast optica, axes of the respectrve 

so dolay of ,, andt* respectively. b *^^Z^T^^^o^ recerver 490. A portcn of the opical 

signal is led via tap 485 tohlgh speed P^°J^™ ^ J2oon analyzer 470 comprieing electncal filter 465 and 



.35 and 445 may bo ***** * *» 



(10) 



. v. ^, rta n M tof 42S is continuously variable between a minimal 
wh.cn showa tnai we u of <i, ♦ t^- • •« - ni HBF 435 the differential time delay \ 

output PSP o. the ^^Z^HB?445 * ' vary** the value ^^^^^J^ttMX 
mo feedback signal f aach«a arnaxi ^ QQD w ^ pk *ed a^in««^^ n,«peeth,eV 

type of an ad|u*m«* » r ^ ^ dfflerential delay * *• HBF 436 ^ H J**~ " Q ^J^, 

(wrich means that the ^^V^^ (alemativety 2.46 radians). flftU5fdef 

bandwidth ol the cptcal s.gnal. Le ;.^^J^opendent polarization transforation .n compensator 

cificany, for the case where vf* v tne w 

Sldbymefoltowtngunr^matn.r. 



U»mp(ffl)= 



(11) 



■ _~u>„,«iion transformer 430. It is se«n from equation 

^ 1 by mere***** additional .e^n«- -JJ^^JSi « ,3 = 50 p.. « = 50 ps^nd so £ 
+ t 2 - «w k- 7 transformer and MSF wnn onw""' . _ tor pwr> h «idHion to firet-order OGD. 

t n is the optteal path difference n the i-th _ 2 „ . 1>ALAte in diecretejiepe of to a = AUnfe 

; . ,1 , 1 (1 • T ) « «ml Also SO •»»« cl0 "»* .l„ll, vi u . Fu*«, » l«* « *»<*■> h 41. »"^_"»™ 
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. ,k ^^inn Far axamole based on the foregoing, ft would be obvious to the 



a affects d polarization mods dispersion occurring in an optical transmission 



JSKpw-** ever the optics, tmnsmlseton fiber. 



apparatus operative 

tw-oSAW* - *^^*^^ ««IT^ertedonhoQonalN to a respective one 

aprec*ten^num*r^ 



9 two prinopal states d polarization and for- 



a *** ,- ' i ** , *^ t ^ the analyzed signal and supplying the distortion 

m****** a t^^sald apparatus, and where* said polarization trans- 

indicator to the polaraatK* ^^^^^n ge Wthe level d the distortion Mcdor respec- 

SSssSSs. 

predetermined orthogonal polarization states. 

the polarization transformer and generates. *WBW«t^Wl(»««»™^ 
delayVetween the mo orthogonal polanzatoo states 
4 The compensator of claim 1 wherain said apparatus lor delaying * ax^M**#*^* ' 

S. Thecorr^dc^^^ 
in series with one another. 

and outputting the ccmolned signal as the distortion Indicator. 
7 The compensator c< claim 1 wherein 9 

9 Thecompensatorolclaim i wherein said apparatus comprises a series d 

in series with one another via directional couplers. 
1 0. The compensator of claim 9 where* said Aerometers are asymmetric waveguide interferometers. 

H *p ar atus<oradep ti ngto^ 

signal modulated with an information signal comprising 
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birefringence element, and 

..L am« m t o< dafarantial time delay generated in the variable birefringence 
13 The apparatus of claim 12 wherein the variable birefringence element comprises 

^=rr=^^=^ b * 

a $ingta optical output signal 
14 The apparatus claim 11 wherein the variable birefringence element compriaee 

, — «-« MMame, eartnected to the output of the first fixed birefringence element for 

states. 

gence element* are substantially equal. 

iiiln nmeiiHiiliiWWMlHTy 
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, ruin aaieetad ortnogonal polarization comoonants of the 

and 

. m birefringence element connected to the output ct the polarization transformer for generating a prede- 
B JStHSSSS^ ca*y between two predeterm*ed crthcgcna. pM» state, 
, a. Th„ ac*ar8tus o(^17 wh«r^ *e predeterrrtned differentia. tlm. defcys generate in the fixed birefringence 

eTenSSof each section are substantia* equai to each other. 
19. The apparatus o, ctolm 3 wherein the variable « erentiai delay (in. compose N section,, in which N > 1 . each 
said section comprising: 

entering the deiay ttne via fhe two nputa. 
Motion are subetantially equal. 



S2. Th.a»«ltw<!lclai"i » wherein l»opl«alanallfzetcompf»« 

a hi* ,p~. » M IrM*. «« — — «- •» — "» " 

electrical signal, and 

24. The apparatus of cialm 22 wherein the signal analyzer comprises 

an electrical fitter for selective* attenuating the frequency components of the electrical signal, and 

filtered electrical signal. 

• , • n me state of polarization of the optical signal transmitted over the transmission 

states are excited wtth equal probability. 
2B. An optical transmission system comprising 
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receiver including an analyzer operative 10 ^^gg^j^^ W^^^^Zr and Mteflen * 
(jmerentiai time delay between «»« 

„ — «■"«-—■——"**- 

=~==S£S====="-"" — 
Ssssssssssasssssswssa ss 

a single optical output signal. 

^ ^ 27 wherein the variable birefringence element comprises 
30. The system d claim 27 where ^ c^pon^nts ot 

the optical signal entenng tne P° u,u - a 

- .;r:ir~~~ — — 

iengtns of biretrtngent optical Rber. 
where N>1. 

1. — 
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aection comprising: 

ft va^<^coup.erhav*gt^ 

£^££0?*. coup Jto one of the cvtpu* * the coupler, and 

— mnnaetad to tha output* ol the variable optical coupler and 

delay line in the different Inputs, 
section are substantially equal. 

between 1 and N. 
campriees 

aleetrtcal signal, and 

filtered electrical signal. 

- « ^'^^^^^^^^^ 

9ta tes are excited with equal probability. 



60 
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FIG.3 




